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ABSTRACT 

The Alpine fault of New Zealand is a major continental transform fault 

phich has been uplifted on its southeast side 4 to 11 km within the last 5 

m.y. 

from the adjacent Torlesse graywackes. 

metamorphic grade from prehnite-pumpellyite facies 9-12 km from the fault 

through the chlorite and biotite zones of the greenschist facies to the 

garnet-oligoclase zone of amphibolite facies within 4 km of the fault. These 

metamorphic zone boundaries are subparallel to the fault for 350 km along the 

strike. 

the fault: 

km from the fault. 

the argon depletion aureole was the fault itself, 

for the fault, and applying the known geological history of motion of the 

Alpine fault, we show that the metamorphism resulted from frictional heating 

during the 360 km right lateral slip on the Alpine fault during the Mesozoic 

(Rangitata) period of fault motion (140-120 m.y. ago). 

again in the Plio-Pleistocene Kaikoura orogeny, with 120 km of further right 

lateral slip and 4-11 km of uplift. 

produced the argon depletion. 

and argon depletion require that the frictional shear stress acting on the 

fault during both episodes of fault motion was at least 1-1.5 kBar. 

This uplift has exposed the Haast schists, which have been metamorphosed 

The Haast schists increase in 

The K-Ar and Rb-Sr ages of the schists increase with distance from 

from 4 m.y. within 3 km of the fault to approximately 110 m.y. 20 

Field relations show that the source of heat that produced 

Adopting a friction model 

Fault motion began 

Frictional heating during this episode 

Quantitative models for both the metamorphism 
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INTRODUCTION 

The state of stress within the lithosphere is fundamental tu tectonics, 

p t  it has remained enigmatic. Whereas the directions of the principal 

stresses at or near the earth's surface can be estimated with a varietv of 
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quired to produce new surfaces of area A and specific surface energy a, 

d Q is heat. 

rst two terms on the right hand side of this energy balance can be ne- 

ected with respect to the third, but we can at least say, conservatively, 

at 

is the elastic energy radiated by earthquakes, aA is the energy 
8 

Various arguments Can be advanced to indicate that the 

- 
TU < Q 

we can measure the frictional heat generated by fault slip, Q, and estimate 

le fault slip u, we can then obtain a lower bound on y. 
In this study we apply this approach to the Alpine fault of New Zealand, 

le of the major continental transcurrent faults. 

to 11 km of uplift on the southeast side of this fault has exposed a sequence 

’ rocks (Haast schists) which have a metamorphic history that can be related 

I two episodes of heating due to frictional sliding on the fault. 

~p the evidence for this interpretation In more detail in the following sec- 

.on, but briefly, our reconstruction is as follows. 

:o (Rangitata orogeny) some 360 km of right-lateral slip on the Alpine fault 

merated sufficient heat to metamorphose a thick sequence of eugeosynclinal 

eaywackes adjacent to the fault. These metamorphic rocks (the bast schists) 

!re at that time deeply buried and formed part of a broad ductile shear zone. 

le highest metamorphic grade of the Haast schists, garnet-oli@oclase zone 

i amphibolite facies, occurs adjacent to the fault, and the metamorphic grade 

!creases with distance from the fault, through the biotite and chlorite zones 

I the greenschist facies to prehnite-pumpellyite and pumpellyite-actinolite 

ibschists that occur 9-12 km from the fault. The fault was reactivated about 

Within the last 5 m.y., 

We deve- 

Between 140 and 120 m.y. 
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5 m.y. ago (Kaikoura orogeny) during which a fu  

s l i p  occurred, accompanied by 4 t o  11 km of up1 

sch i s t s  i n  what are now the Southern Alps. Dur 

f a u l t  motion, f r i c t i o n a l  heating produced only 

phism i n  the Haast sch i s t s  but w a s  su f f i c i en t  t o  almoSt completely degas 

these rocks of t h e i r  radiogenic argon and deplete t h e i r  micas I 

and thereby reset t h e i r  K-Ar and Rb-Sr ages t o  very young val,, ..=_. 
faul t .  

In order t o  account f o r  both the  d is t r ibut ion  of metamorphic isograds 

within the Haast sch i s t s  and the d is t r ibut ion  of t h e i r  K-Ar ages, we have 

quantitatively modeled the f r i c t i o n a l  thermal events produced by both periods 

of f au l t  motion. 

parameters f o r  both periods of fault motion, a minimum average value of 1 t o  

1.5 kb for  the  frictional stress on the  Alpine f au l t .  

W e  f ind tha t  within the permissible range of a l l  variable 

GEOLOGICAL HISTORY OF THE HAAST SCHISTS 

ibduction during 

,1 ...A na..r.m..l *..a 

The South Island of New Zealand w a s  a s i te  of active su 

the Mesozoic, 88 indicated by the arc terrane of the New Zea,.-.., 6ZVPz..-A,..C 

I k V I d i S  and Bishop, 19721. 

of the South Island (Figure 1) .  The Fiordland igneous comple 

consists of a high TIP metamorphic terrane intruded by numerous caic-aimline 

plutons, and is interpreted as the  relic of the Mesozoic arc. To the eas t  of 

t h i s  complex is a narrow 

tonic suture (Livingstoi 

The arc  terrane is preserved i n  the  southern part  

x i n  the w e s t  

. .. . 
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m the voluminous eugeosynclinal sediments of the Torlesse group. 

ter have been interpreted as trench sediments [ k U ‘ d ’ i S  and B’iShop, 19721. 

The 

At the culmination of this Rangitata orogeny the Otago schists, a 

ad NW-SE striking band of schists derived from the Torlesse group, were 

ormed and uplifted. 

ifom. 

list facies is found in the central part of their outcrop area, and their 

amorphic grade decreases both to the NE and SW from this central zone. 

b Otago schists have K-Ar ages- of 110-140 m.y. [Harper and Lmd’is, 1967; 

‘ p p d  e t  aZ., 19751 and they probably formed during a compressional event 

.ch produced shortening normal to the arc near the end of the Rangitata 

bgeny. 

The Otago schists outcrop in a broad NW-SE striking 

Their highest metamorphic grade, the biotite zone of the green- 

The arc terrane was subsequently offset 480 km by right-lateral slip 

the Alpine fault [WeZZm, 1955; Suggate,  19631. We thus see exposed in 

! northwest comer of the South Island a repetition of the entire arc se- 

mce (Figure 1). 

:a1 position as the Otago schists, and we interpret them as being their 

Eset equivalents. 

There the Marlborough schists lie in the identical struc- 

We also notice that a swarm of lamprophyre dikes, dated 

120 m.y., has been offset 120 km by the Alpine fault [WeZZm and Cooper, 

Therefore 360 km of fault motion must have occurred in the Mesozoic, 711. 

tween 140 to 120 m.y. B.P. 

atly oblique slip, with a component of thrust faulting superimposed on 

ght-lateral strike-slip movement [Ctark ad WeZZm, 1959; Suggate,  1963; 

b Z 8  e t  d . ,  19731, the remaining 120 km of fault slip is assumed to have 

cutred i n  the last 5 rn-y., that is, since the initiation of uplift of the 

Since the motion of the Alpine fault is pre- 
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Southern Alps i n  t h e  Kaikoura orogeny [Suggate, 19631. The pre. 

of motion on the f a u l t  I s  5 cmlyr r i g h t  lateral from sea f loo r  I 

I 

data  [ M s t o f f e Z ,  1971; Eayes and TuZwani, 19721 t o  1 cm/yr f r v u  E ~ O -  

l og ica l  observations I C k k  mrd WeZZmmz, 19591. 

be several  m / y r  [Suggute, 1963, 19681. 

Vertical motions may 

The Haast (or Alpine) s ch i s t s  are petrographically similar t o  the 

Otago and Marlborough sch i s t s  i n  t h a t  they are a l so  metamorphic P 

of the Torlesse group sediments. These p e l i t i c  sch is t s ,  however, 

d i s t i nc t ly  d i f f e r e n t  tectonic  and metamorphic history.  T ~ P  R a a c t  whiatr: 

outcrop between the  Alpine f a u l t  and the  main divide of 

In the southern pa r t  of t h e i r  outcrop area, where they mt 

schis ts .  the  fo lds  t igh ten  up and the  fo ld  axes a r e  ro t a  

near parallelism with the  Alpine f a u l t  as they approach 

19631. The i n t e n s i t y  of deformation of these rocks incr,  

f au l t ,  and within a few km of the f a u l t  have a sch is toc i  

pa ra l l e l  t o  the  f a u l t .  

accord with t h e i r  having been formed under conditions c l  

the same sense as t h a t  which produced the motion on t h e .  

in te rpre t  them as the  exposure, a t  an intermediate s t ruc tu ra l  lev-' 

duc t i le  shear zone associated with the  ear ly  (Rangitata) period c 

the Alpine f au l t .  

the  Haast s ch i s t s  w e r e  not up l i f ted  u n t i l  the  Kaikoura orogeny. 

morphic grade of t h e  Haast sch i s t s  a l so  increases towards the &I€ 

The metamorphic zone boundaries are subparallel. t o  the f a u l t  a d  

from the f a u l t  varies with the amount of u p l i f t ,  which is general 

towards the south, judging from the  present elevation of the Alps 

The s t y l e  of deformation of the 

- 

Furthermore, unlike the  Otago and Harlborough scniscs. 

- ----I - - -_.-- -- 
the Southern Alps. 

erge with the  Otago 

ted (dextral ly)  i n to  

the f a u l t  [&rXZey, 

eases towards the 

ty  and l inea t ion  sub- 

Aaast s c h i s t s  is i n  

ose to pure shear in 

Alpine f a u l t ,  and we 

'SA) "A 

>f motion on 

.. . 
, 
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central Alps, from Arthur I __I_ __ ._-__ _ _ _  
most regular (Figur 

amphibolite facies 

crease i n  grade througn rne  Diocxre ana cnior ice  zi 

f ac i e s  t o  prehnite-pumpellyite f ac i e s  subschis ts  w 

the  f au l t .  Very close t o  the  f a u l t ,  i so la ted  pegm 

cordant lenses  i n  the garnet  s ch i s t s  and are i n t e r  

p a r t i a l  melting [Figure 2 ;  Ol.indtey, 19631. The K 

the  Haast s c h i s t s  a l s o  show a regular re la t ionsh ip  

ure  3, South Island K-Ar ages from Sheppard et a t .  

a function of d i s tance  from the  Alpine f a u l t .  The 

Island are i n  the  range 140-150 m.v.. which Drobab 

g i t a t a  metamorphism; a s( 

which probably representb - -.. 
19751. In cont ras t  with the  regional ages are a g 

from the  b a s t  s c h i s t s  j u s t  east of the  Alpine fau 

and b i o t i t e  ages from the Haast s c h i s t s  between A r  

are shown i n  Figure 4. These da ta  ind ica te  a s t r a  

10-15 km of the  f a u l t ,  w i t h  a form very similar t o  

metamorphic aureoles  a 

cept  t ha t  the la teral  

These d i s t i n c t i v e  pa t t e rns  of metamorphism an 

t o  the  Alpine f a u l t  have long been recognized [W 

at., 1962; &ndZey, 1963; Aronsa, 1965; R q e ?  c 

et a t . ,  19751. They w e r e  o r ig ina l ly  in te rpre ted  t 

- 

ndjacent t o  in t rus ive  magmatl 

ex ten t  of the  depletion is n 

is rela t ionship i s  the  

zone schists  of the  lowest 

u l t .  The s c h l s t s  de- 

ones of the  greenschist 

hich occur 9-12 km from 

a t i t e  dikes occur as con- 

preted as being due t o  

-Ar and Rb-Sr ages of 

with the  f au l t .  I n  Fig- 

119751 are plot ted as 

oldest  ages f o r  the  South 

l y  dates  the  onset of Ran- 

t he  range 100-120 m.y. 

d cooling [Sheppard et a t . ,  

,roup of very young ages 

i l t .  The K-Ar whole rock 

thur ' s  Pass and Haast Pass 

tng argon depletion within 

I t h a t  observed i n  contact 

.c bodies [Rart, 19641, ex- 

ruch greater.  

id argon depletion adjacent 

ion, 1961, 1962; R u r k y  e t  

md Lmdis, 1967; Sheppard 

~y Mason [1961, 19621, with 

541 





rl requires that 1 

_ .  

greater than Pliocene ag 

thus that most of the uplift of the Southern Alps occi 

5 m.y. 

3. The single stage uplift mode 

ly related to depth of burial and hence metamorphic gi 

Sheppmd e t  a t .  [1975], however, showed t 

of distance from the fault and not of metauulyrlAc 

with points 1 and 2 that metamorphism occurred in the 

pletion in the Cenozoic. 

4. In a simple upl,,, .,.vu-- -..- c ~ ~ ~ c L o L u . z ~  -A- 

Thus RurZey e t  aZ. [l! the argon in the way observed. 

argon diffusion parameters for biotite b) 

results some ten orders of magnitude hsiher tnan tnat 

directly in the laboratory [Fec 

gradient sufficient to cause ~ 1 ~ ~ ~ .  Y S 6 ~ 0 D I L L ( I  

would produce rocks of higher metamorphic grade in the 

section than those that are actually f 

LaLC 

5. If the metamorphic facies boundaries were or: 

reflecting depth of burial, thei 

steeply dipping facies boundaries, requires a rarge ri 

:hat K-Ar age 

.“...-....I.,- ---. 

r using the ul 

.. ~- 

- 

’ound [Sheppard e 

r present outcrop pati 

- ,-__ - * _ _ _ _  - 

uplift distributed through the schists. 

of the fault is indicated for the lamproph 

schists [Grindtey, 1963; VeZZm and Coope-, __._ __.. 
tive for distributed uplift on shear 

and post-metamorphic folds have not been O L L ~ ~ L  L W - , , ~  

But no such 1 

yre dikes ,  i 

10771 

planes within the 

L _ _ _  r-*-. 

543 

)63]. The evidence is 

irred in the last 

:he K-Ar age be direct- 

:ade of the schists. 

is solely a function 

le. This is consistent 

Mesozoic and argon de- 

: insufficient to degas 

3621 calculated the 

>lift model and obtained 

subsequently measured 

561. Any geothermal 

?per part of the section 

r lower part of the 

at aZ., 19751. 

Lginally horizontal, 

tern, which indicates 

,tation or differential 

rotation on either side 

Yhich postdate the 

1 the evidence is nega- 

L schists7 since late 

fZey, 19631. 
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. We w i l l  ci 

second hei 

- . _ _ _  

From 120 t o  5 m.y. t he re  was  no f a u l t  motion, t n e  reglon 

normal geothermal gradient,  and the  metamorphic f ac i e s  boundai 

shown i n  Figure 5c. The Kaikoura movements began 5 m.y. ago. 

r i gh t- la t e r a l  s l i p  and H km of u p l i f t  (Figure 5d) 

f r i c t i o n a l  heating produced by th i s  s l i p ,  and using appropriai 

the  d i f fus ion  parameters for argon from b i o t i t e ,  we  w i l l  requ: 

p red ic t  the  observed argon depletion prof i le .  

produced some retrograde metamorphism i n  the  s c h i s t s  but a l a  I 

pos i t ion  of the zone boundaries [CrindZey, 1963; Sheppard e t  

Since the  metamorphism is independent of the  argon depletion,  

constra in  these models so t h a t  H and 7 are consis tent  i n  mode! 

processes. 

This 

I n  the region of the  cen t r a l  Southern Alps (Figure 2) thc 

The lower l i m i t  ( L1 = 4-5 km, L2 = 9-12 km, and H - 4-11 km. 

by the present elevation of the  Southern Alps. t h  

from our calculat ions  as the grea tes t  depth a t  wh 

radiogenic argon i n  the  interval between the  Rangitata and Kaj 

genies. 

In the  calculat ions  t h a t  follow, we allow the  parameters 

ambient heat  flow, and v, the veloci ty  of f a u l t  s l i p ,  t o  vary 

allowable l i m i t s  and ca l cu l a t e  the  lowest value of shear stref 

t o  produce the  metamorphism and argon depletion.  Two models c 

d i s t r i b u t i o n  were t r i ed .  I n  model A (Figure 6a) i t  w a s  simpl] 

a shear  stress 7 is applied t o  the  f a u l t  from a depth 0.5 t o  1 

the  second model, B. it w a s  assumed t h a t  the  shear stress is 

le upper l i m i i  

iich b i o t i t e  I 

cooled t o  a 

ries were as 

with 120 km 

nlculate the  

te  values of 

Lre tha t  t h i s  

s t ing event 

lo t  a l ter  the  

ZZ., 19751. 

we w i l l  fu r ther  

Ling both 

3 parameters 

in H is given 

L i s  derived 

gould r e t a i n  

tkoura oro- 

H. qo. the  

within the  

ss 7 required 

)f shear stress 

I- assumed tha t  

15.5 km. In  

governed by a 

5 45 
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- 
coef f ic ien t  of f r i c t i o n  v so t h a t  T = vun where an is the e f f ec  

stress on the f au l t .  In  t h i s  model then (Figure 6b), T lncreas  

with depth from 0.5 km t o  15.5 km with a mean value, T, a t  8 km 

heating from below 15 km did not s ign i f i can t ly  influence the r e  

assumed t h a t  r = 0 a t  depths grea te r  than 15.5 km. 

i 
- 

I 

i 
In  our models the  source of hea t  w a s  assumed t o  be a sheet  01 n e z u z i u e  

thickness at  the  f au l t .  Although, as described earlier. the Ha 

have undergone polyphase deformation t h a t  increases i n  i n t e n s i t  

f a u l t  is approached, indicat ing t h a t  some of the t ranscurrent  m 

place by penetrative shear, e a r ly  metamorphic (Fz) and post-met 

mesoscopic and macroscopic fo lds  are not  sheared out  except w i t  

mylonite zone [Crindley, 19631. W e  therefore  conclude t h a t  the 

shearing was accommodated within t h e  narrow (< 1 km th ick)  zone 

a t  the f a u l t  [Reed, 19641. This agrees with the r e s u l t s  of Yuen e t  UL.  

[1978] who showed t h a t  the region of intense shear i n  a viscous : 

i s  an order of magnitude narrower than the width of the  accompan 

anomaly. Therefore we need no t  consider shear heating over a bri 

I 

I 

I 

- -  

shear zone 

ying thermal 

Dad zone. 

ngi ta ta  mo- Frictional metamorphism and the R&tata motwn. 

t ion ,  the  f a u l t  undewest 360 km of s l i p  i n  some 20 m.y. 

model, i f  T = pun, and p - 0.6 [Byertee, 19781, then i f  Gn is lit1 

we  would expect T * 3 kb a t  15  km depth, so tha t  i n  our model B 

I f  pore pressures a r e  present,  r w i l l  be smaller. We a c c o r d i q  

heat  flow f o r  models i n  which 7 ranged from 0.5 t o  1.5 kb, and 

During the Ra, 

In  the f r i c t i o n a l  
- 

T - 1.5 kb. 

lostatic.  
- 

:ly calculated 

v ranged from 

546 
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2 t o  1 2  cm/yr. For t he  slower v e l o c i t i e s  (v < 8 cm, 

steady s t a t e  before t he  360 km of motion is completc 

solut ion was used. A t  higher ve loc i t i e s  t h e  temper; 

s teady s t a t e  and they have been calculated using a 

Both types of calculat ion are described i n  d e t a i l  i i  

Two representative solut ions  f o r  t he  temperatu 

end of the  Rangitata motion are shown i n  f i g u r e  7. 

ground geothermal heat  flow of 1 HFU, 7 - 1.5 kb an 

model A (Figure ?a) p red ic t s  higher temperatures t h  

f a u l t  a t  shallow depths. The reverse is t rue  a t  d i  

few kilometers from the  faul t .  Predicted surface h 

The anomaly i s  concentrated much closer to the  f a u l  

model B. An acceptable model must show t h e  450' is 

f a u l t  and the 300" isotherm 9-12 km from t h e  f a u l t  

Thus, i n  the models shown i n  Figure 7, H - 6-8 km. 
value of qo, t he  i n i t i a l  geothermal heat  flow, w i l l  

subsequent r e s u l t s  other  than by compressing or exp 

i n  Figure 7, and hence influence values of H. For 

say between 0.8 and 1.2 HFU. t h i s  w i l l  have a negl i  

su l t s .  

able parameters t h a t  w i l l  a f f ec t  the  value of T req 

table  temperature d i s t r ibu t ion .  

The depth H as w e l l  as the s l i p  ve loc i ty  v 

I n  Figure 8 we  show r vs. v p l o t s  f o r  both mod 

show the values of 7 and v which y ie ld  acceptable t 

the depth H indicated.  The greater  the value of H, 

547 

/yr)  t he  model reaches 

2 and an ana ly t i ca l  

atures do not  reach 

f i n i t e  dif ference scheme. 

n the appendix. 

r e  d i s t r i bu t ion  a t  the  

Both began with a back- 

d v = 6 cm/yr. 

an model B c lo se  t o  the 

stances grea te r  than a 

e a t  flow is a l s o  shown. 

t In model A than i n  

otherm 4-5 km from the 

a t  some depth 11 5 H 5 4 Ian. 

Variations i n  the  assumed 

not influence these or 

anding the  vertical sca le  

reasonable values of qo, 

gible  e f f e c t  on our re- 

w i l l  therefore  be the vari- 

luired t o  produce an accep- 

S t ress  

le1 A and moael B, which 

:emperatme h r o f  iles a t  

, the  smaller the  value of 
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- 
T required t o  raise t h e  temperatures t o  appropriate levels .  A t  1 

c i t i e s ,  the curves follow l i n e s  of % = constant, but a t  higher v 

these curves f l a t t e n  out and begin t o  rise a t  the highest ve loc i t i e s ,  be- 

cause a t  high v e l o c i t i e s  t he  temperatures do not have time t o  reach steady 

s t a t e  even though the  same amount of hea t ,  TU, is generated by the  f a u l t .  

A t  ve loc i t i e s  higher than about 8 cmlyr, we can f ind  a steady state solu- 

t ion  (af ter  f a u l t  motion has ceased) t h a t  produces an acceptable tempera- 

tu re  d i s t r ibu t ion ,  but  inevitably these solut ions  predict  t rans ien t  tempera- 

tures  near the f a u l t  a t  depth E higher than the melting point of these rocks 

[75OoC, according t o  WaZZace, 19761. Since t h i s  is not observed, these high 

velocity models a r e  ac tua l ly  unacceDtable. The Drincloal di f ference between 

model A and model B is t h a t  

u p l i f t  is required f o r  model 

- 

The shear stress minimu 

of 11 km and is correspondin 

say tha t  t he  mean e f f ec t ive  

In f a c t  we favor models with 

(non-steady state) v e l o c i t i e  

l a rge  with respect t o  the  g r  

the f a u l t  zone a t  depth E. n 

matite dikes ind ica te  that o 

f rac t ion  of the s c h i s t s  was  

metamorphism becomes very sh 

of the second (Kaikousa) hea 

i n  too shor t  a time t o  produ 
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w, 

h i  

f o  

20 

h i  

8. 

t o  

lan 

re 

! sch is t s .  

:ely tha t  r was l e s s  than 750 bars. 

These considerations lead us t o  conclude t h a t  it is very un- 

ron depletion m2d the Xaikoura'nwtian. 

use the same models of stress var ia t ion and the same range of values, but 

$ horizontal  veloci ty  v is geologically constrained t o  be within 2.5 t o  4 

lyr. Star t ing with a background heatflow of 1 HFU we solve the heatflow 

ia t ion with one s ide  of t h e  f a u l t  moving b e r t i c a l l y  and being planed off 

erosion as f r i c t i o n a l  heat ing resu l t ing  from the  horizontal  motion takes 

me on the f au l t .  This f i n i t e  difference calculat ion is described i n  the  

pendix. The v e r t i c a l  ve loc i ty  (W) is chosen so t ha t  the depth H of the 

ngitata metamorphic p r o f i l e  reaches the surface a f t e r  5 m.y, or  3 m.y., 

rresponding t o  hor izontal  ve loc i t i e s  of 2.5 and 4 cm/yr, respectively.  

s t  of our calculat ions  w e r e  done using 2.5 cmlyr as the  horizontal  velo- 

ty. 

In  discussing the  Kaikoura motion 

A list of the  models t r i e d  i s  given i n  Table 1. 

The temperature h i s to ry  of the p ro f i l e  was followed through the 5 m.y. of 

t i on  a t  various dis tances  from the f au l t .  Some representat ive temperature 

s t o r i e s  are shown i n  Figure 9. In  Figure 9a, f o r  example, the r e s u l t s  are 

r a model with stress d i s t r i bu t ion  A, r = 1.5 kb, moving a t  2.5 cm/yr hori- 

n t a l l y  and 1.67 mmlyr v e r t i c a l l y  (H = 8.33 km). 

s tory  of points a t  var ious  distances from the f a u l t  and an or ig ina l  depth of 

33 km. 

We,plot the temperature 

The point 1 Icm from the f a u l t ,  f o r  example, is heated from 180'C 

275% a f t e r  1m.y.. and subsequently cools. 

from the f a u l t ,  neg l ig ib le  temperature increases occur. 

A t  d is tances  greater than 10 

In  Figure 9b, the 

s u l t s  for  stress model B are shown with the same values of 7 and v. For 
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model B, temperatures near t he  f a u l t  do not  get  as high o r  last as long a s  

i n  model A, but  t he  opposite is t r ue  a t  greater  distances.  

We then use these temperature h i s t o r i e s  and appropriate values f o r  the 

diffusion coef f ic ien t  (D20/a2) and act ivar ion energy (E) f o r  argon diffusion 

from b i o t i t e  t o  ca lcu la te  the  f rac t iona l  l o s s  of argon (F) s ince the s t a r t  

of motion. (1-F) is d i r ec t ly  proportional t o  K-Ar age f o r  periods as shor t  

as 100 m.y. [Fechtig and KaZbitzer, 19661. 

various models l i s t e d  i n  Table 1. 

ues for  D20/a2 and E to determine what values were permissible i n  order t o  

fit  the data.  The calculated curves are 

a l l  f o r  model 1 (Table 1). and we indicate  each cume by an upper number, 

log D20/a2, and a lower number, E. The family of curves that  most close+ly 

f i t s  the data  (solid c i r c l e s )  i s  within the cross-hatched region, which en- 

closes possible values f o r  the  diffusion parameters f o r  t h i s  par t icu la r  model. 

It can be seen t h a t  a wide range of D20/a2 and E can be used t o  f i t  the  ra ther  

limited data ,  though D20/a2 and E are not independent var iables .  

however, f i t  the  da ta  with T = 500 bars using any choice of D20/a2 o r  E be- 

cause f o r  such a low shear stress the temperature h i s tory  does not vary suf- 

f i c i e n t l y  with dis tance from the f au l t .  

W e  calculated argon loss f o r  the 

For each model we  t r i e d  a var ie ty  of val- 

In Figure 10 we show an example. 

W e  could not, 

With values of 7 6 1 t o  1.5 kb. however, the data  could ea s i ly  be f i t .  

In  Figure 11 we show the possible values of D20/a2 and E f o r  models assuming 

Various values of 8, 7, and W (Table 1). By possible values we mean tha t  

they w i l l  produce a depletion aureole with almost t o t a l  argon depletion out t o  

3-4 km from the  f a u l t  and almost no depletion a t  dis tances  greater  than 12 km, 

as the data  indicate.  

meters, permissible values of D20/a2 and E show a nearly l i n e a r  re la t ionship 

with one another along the l i n e s  of B = constant. This  simply r e f l e c t s  tha t  

Note i n  Figure 11 tha t  within the rangexof other para- 
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- .  . . a  - 
tt, 19691 a t  l e a s  

:. I f  t he  d 

- .. 

decreasing values of H require  greater values  IO^ arEon 

produce the observed depletion. 

D20/a2 and E f o r  argon d i f fus ion  from b i o t i t e  a r e  a l so  

Figure 11 [Frechen and LippoZt ,  196 

problems with applying experimentally aecermlnea arnon 

meters t o  geological s i t ua t ions  [Musse 

G Z e t t i  and RclZi8 [1977] showed tha t  E for'argon d i f fu  

dependent of pressure and r e s u l t s  obtained a t  high temp 

extrapolated t o  temperatures less than 600? 

of Frechen and Lippolt  are the  most relevant t o r  zn 8zt 

they l i e  near the H = 5-6 km curves and hence ind ica te  

u p l i f t  of the  Southern Alps was  5. 

produced the heat flow required fi 

with the e a r l i e r  calculat ions  since i f  H = 5-6 laa, 1-1. 

stress are required t o  produce the me! 

rates (Figure 8). The f a c t  that Rb-SI 

near t he  Alpine f a u l t  [Armon, 19651 re r ieccs  rne i a c i  

parameters f o r  S r  d i f fus ion  from b i o t i t e  a r e  similar t( 

[Rmt, 1964; F e c h t i g  and KaZXitser, 19661 anc 

degassing is the mechanism responsible f o r  tl 

rocks, and thermal dif fusion of Sr from the Lsra puaasa 

the reduction of Rb-Sr age 

[Ameon,  19651. We note t h a t  only a very s l lgn t - recr i  

occurred within 1-2 km of t he  f a u l t  during the Kaikour, 

Direct labon 

-6 km, and that a shea 

DT the argon depletior 

~ - _ _  _ _  

:amorphism, even i 

r ages show a s i m j  

-e.---. e__. 
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d i f fus ion  para- 

t f o r  phlogopite, 

s ion  is almost in- 

seratures can be 

i f fu s ion  parameters 

u degassing of argon, 

t h a t  the Cenozoic 

1r stress r = 1-1.5 kb 

I. This is consistent 

,5  kb of average shear 

I t  the  highest s l i p  
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The metamorphism could have been produced by f r i c t i o n a l  heat ing involv- 

i n g  shear stresses as low as 500 ba rs ,  using the  most extreme model permis- 

s i b l e .  

again required,  r ega rd less  of t h e  ve loc i ty  of f a u l t  motion. 

severa l  add i t iona l  arguments t h a t  B could not  have been as great  as 10-11 km. 

I f  Bwere tha t  g rea t ,  we  should expect t h a t  1) melting would be observed c lose  

t o  the  f a u l t ,  which is not  observed, 2) the  r a t i o  of the  width of the  amphi- 

b o l i t e  zone t o  t h a t  of t h e  greenschis t  zone would be broader than observed, 

However, if H - 5-6 km, then a t  l e a s t  1-1.5 kb of shear stress a r e  

There are a l s o  

and 3) the  volume of sediments derived from the  Southern Alps, which present ly  

have an e levat ion  of 3-4 km, would be much g rea te r  than observed. 

We therefore  conclude that  it is most un l ike ly  t h a t  the  mean shear  stress 

on the  Alpine f a u l t  is less than 1-1.5 kb. 

pos i t ion ,  our argument i s  concerned only as t o  whether i t  is 750 bars  o r  1 .5  

kbars. There is no quest ion t h a t  it must be a t  least one order of magnitude 

higher than earthquake stress drops. 

out  that our estimate is a nnhhwn one. 

system, a l l  o ther  energy l o s s e s ,  through seismic energy r e l e a s e ,  c rea t ion  of 

new surface energy, hea t  of transformation i n  metamorphic react ions ,  and heat  

l o s s  through convection of ground water,  have been neglected, For our p a r t i-  

c u l a r  problem, we do not  be l i eve  t h a t  the  latter is s i g n i f i c a n t ,  s ince  the  

simple p a t t e r n  of metamorphic zonation and K-Ar ages with respect  t o  the  f a u l t  

demonstrate that conduction is the  p r i n c i p a l  heat  t r a n s f e r  process, a t  l e a s t  

a t  the  depths of i n t e r e s t  here.  

Even adopting the  most extreme 

Furthermore, i t  is important t o  point  

That is, we have assumed an e f f i c i e n t  

Our weakest assumption concerning the  h i s t o r y  of f a u l t  motion is t h a t  t h e  

e n t i r e  120 km o f f s e t  of the lamprophyre d ikes  took place  a f t e r  the  onset of 

u p l i f t  of t h e  Southern Alps i n  the  Kaikoura orogeny. I f  the t ranscurrent  
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component of f a u l t  s l i p  began p r io r  t o  that, we would 1 

s l i p  veloci ty  i n  our calculat ions,  and consequently inc 

required t o  produce the  argon depletion. I f  we assume 

.shorter period of t i m e  than 3 m y .  (Model 7, Table 1 )  we w i ~ i  again Tina a 

non-steady state so lu t ion  which w i l l  require a higher value of 7. 
more, the  ac tua l  o f f s e t  of t h e  d ike  swarm is somewhat uncertain,  d n o  tn  tho 

d i f f i c u l t y  i n  ident i fying the  boundary of the swarm. Published 1 

from 100 t o  160 km; we used the  average and most quoted value of 

range of uncertainty,  however, w i l l  not s ign i f icant ly  a f f e c t  our 

Several other observations a l s o  suggest, qu i te  independentl: 

tence of high shear stresses on the  Alpine f au l t .  Pseudotachyli 

comonly within the mylonite zone i n  lenses as wide as 3 c m  [WaZ 

R. H. Sibson, personal communication, 19781. The presence of thl 

probably indicates  p a r t i a l  fusion during seismic s l i p .  

t ic le  ve loc i t i e s  and displacements during a given earthquake are 

stresses need not be on the  order of kilobars t o  produce incipiei 

[McKensie and h n e ,  1972; WaZlace, 19761, the common occurrence 

rocks i s  generally ind ica t ive  of high shear stresses [Sibson, 19  

more, preliminary transmission electron microscopic s tud ies  of t l  

dens i t ies  and grain s i z e  of the mylonites from the  Alpine f a u l t  hrs 

tive of shear s t r e s ses  on the order of a kilobar (S. White, personal communica- 

tion, 1978). 

Further- 

Although .If *ha n-7- 

I f  our model f o r  and assumptions concerning the f r i c t i o n a l  I 

(Rangitata orogeny) and argon-depletion (Kaikoura orogeny) of tht 

s c h i s t s  is correct ,  a subs t an t i a l  a s p e t r i c  heat flow anomaly SI 

over the  Alpine f a u l t ,  the  a s m e t r y  being due t o  the d i f fe ren t i i  

values range 

120 km. This 

resu l t s .  

y ,  the exis- 

tes occur 

lace, 1976; 

ese rocks 

r-- -- _..- 
large,  shear 

a t  fusion 

of these 

751. Further- 

h e  dislocation 

,,..e *-a*..-- 

metamorphism 

e Haast 

hould e x i s t  

a 1  u p l i f t  of 
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the Southern Alps 

Andreas f a u l t  (ac 

t i ona l  heating) 1 

t o  conclude t h a t  

no more than sew 

t iona l  stress thi 

of the  very s i m i l  

19781, it is diff 

c rus t a l  f a u l t  ZOI 

cases where (1) 1 

f in ing  pressure I 

aseismically slil 

[ I k n  and Bamrer 

dominated by low 

micul i te  and ill 

San Andreas f a u l  

observed t o  resu 

There are, 1 

thermal  models o 

complicate t h e i r  

California t h a t  

i n  post-early M i  

Andreas f a u l t  bu 

i n  a zone some 1 

I. 
:Toss a dimension approximately twice the  depth of fr ic-  

ias led  19731 

The absence of a heat flow anomaly localized t o  the  San 

- 
7 Over rne upper A> ro hu OL rne Jan Anareas raurr i s  

This is a subs tan t ia l ly  smaller f r i c-  rral hundred bars. 

an our minimLmr estimate f o r  the  Alpine f au l t .  

tar f r i c t i o n a l  strengths of c r u s t a l  rocks [e.g., Byertee, 

Eicult f o r  us t o  accept that the f r i c t i o n a l  s t rength of 

ies vary by an order of magnitude (or more). except i n  those 

nearly l i t h o s t a t i c  f l u id  pressures reduce the e f f ec t ive  con- 

essen t ia l ly  t o  zero, possibly t he  case for the  200 km long, 

pping sec t ion  of the  San Andreas f a u l t  i n  cen t r a l  California 

6, 19751 o r  (2) the  s t rength of the f a u l t  zone is loca l ly  

On the bas i s  

s t rength ,  high hydration number c l ay  minerals such as ver- 

ite, perhaps a l so  the case f o r  t he  creeping sect ion of the 

t i n  c e n t r a l  California s ince  vermiculi te and i l l i t e  are not 

It i n  s t ick- s l ip .  

however, several addi t ional  f ac to r s  not  included i n  the 

f Bnme e t  a t .  [1969] and hchenbmch and &SS [1973], which 

in te rpre ta t ion .  It is now becoming apparent f o r  much of 

t he  r e l a t i v e  motion between the Pac i f ic  and Americas p la tes  

ocene times has not  been confined t o  the  present day San 

t has  been dis t r ibuted over a series of subparal le l  f a u l t s  

00 km wide. Thus from Point  Arguello t o  Bodega Bay i n  cen- 
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t ral  California, extensive s l iver ing  of the  Salinian block has 

[ J o b m l  and nrOnnarrk, 19741, with 115 km of r ight- la tera l  moti 

ear ly Miocene t i m e s  for the  San Gregorio-Hosgri f a u l t  [ & a h  

son, 19781, 50 km of post-Miocene s l i p  on the Rinconada f a u l t  

19781, and suspected s l i p  on the offshore Santa Lucia bank f a u l t  LszLoer 

I 
I 

I 

l et  al., 19781 and Nacimiento f au l t .  Most of the motic 

f a u l t  did not occur u n t i l  the last 5-6 m.y. [&dum w r ~  YCGKCIWOTL, L ~ ~ O J ,  

a figure close enough t o  the thermal t i m e  constant such tha t  a w e l l  develoued 

heat flow anomaly mav not ve t  be reconnizable at the surface 

blurred by thermal 

mentioned. A s i m i  

present ac t ive  str 

since the opening , 

distr ibuted on sev 

and Elsinore f a u l t  

It is w e l l  kn 

Coast Ranges of ce 

not confined t o  t h  

The excess heat  i n  

San Andreas f a u l t ,  

stress a t  a displacemenc rare or 3.3 cmiyr. 

1 

i r  is cer ta in iv  possitue rnat 

the breadth of this anomaly is re1 i n  t 

f a u l t  motion described above. 

low heat flow anomalies with respect t o  those tha 

ocean rises f o r  reasonable v e r t i c a l  ve loc i t ies  of 

Alternatively,  as fn the care nf tho iiniis~iallv 

_ _  _ _  _..- --_-___ . ~ ~ ~~~- ~ ~~~ ~ 

anomalies produced by the other ac t ive  f a u l t  strands 

lar s i tua t ion  exists In southern California where the  

and of the  San Andreas f a u l t  has probably only been ac t ive  

of the Gulf of California [Atwater, 19701 and s l i p  is 

era1 strands: the  Banning-Mission Creek, San Jacinto,  

8 .  

own that a subs tant ia l  heat flow anomaly ex i s t s  i n  the 

n t r a l  California &chenbmCch rmd &S6, 19731 but it is 

e immediate region adjacent t o  the San Andreas f a u l t .  

t h i s  anomaly, which extends 50 km on e i the r  s ide  of the 

is enough t o  account f o r  a kilobar or  so of f r i c t iona l  

~ ~~~ ~~ ~~~. ~ c r r -. . . . _  .. . .. 
!ated, at  least 

. .  
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[Ranks, 1971 

terms of hyi 

water may a1 

a t  shallow c 

scure the IC 

conduction I 

f a u l t  zones 

cer ta inly dc 

t i on  of 180 

c rus t  [TayZc 

acted with I 

Southern A l l  

It is I 

is such f r i i  

is not  an i r  

contain cori 

metamorphic 

number of 0' 

deep ducti l i  

of the  o r ig  

the  same as 

wel l  define! 

another em 

119761 have 

the Himalay< 

L ]  and the  widely accepted explanation of t h i s  discrepancy i n  

lrothermal circulation [Anderson ad Robart, 19761, ground 

Lso i n t e r a c t  with t he  f a u l t  zone heat  flow anomaly, a t  l e a s t  

lepth, i n  such a way as t o  reduce, broaden, and generally ob- 

xa l i zed  anomaly calculated on the bas i s  of steady- state, thermal 

nodels. The coincidence of hot springs with ac t ive  c rus ta l  

[Barnes et at., 19781, while hardly proving t h i s  t o  be the case, 

>es not dissuade us from t h i s  poss ib i l i ty ,  Moreover, the deple- 

i n  metamorphic and plutonic rocks formed within t he  continental  

,r, 19 

ground water. 

9s would be of g rea t  value i n  resolving t h i s  dichotomy, 

3bViously of considerable geological importance t o  ask how common 

:tional metamorphism. There is no question that the Alpine f a u l t  

solated case. Elongated l i n e a r  zones of mylonites, many of which 

ES of magmatic gneiss, which are concentrically surrounded by 

1 leave l i t t l e  doubt that they have extensively in te r -  

Plainly,  however, heat  flow measurements i n  the 

aureoles of j u s t  t h e  type studied here  have been described i n  a 

ther basement terranes, where they are usually referred t o  as 

e shear zones [N<coZas et  at., 19771. I n  f a c t ,  the  explanation 

i n  of such f ea tu re s  offered by N<cOkzs et at .  [1977] is v i r tua l ly  

t h a t  employed here,  except t ha t  they did not have suf f ic ien t ly  

d boundary conditions to solve the problem quant i ta t ively.  

mple, &Forte [1975], Andrieux e t  at. [1976] and Ramet and Atlegre 

I n  

argued t h a t  f r i c t i o n a l  heating along the main cen t r a l  th rus t  of 

8s produced t h e  inverted metamorphism of t h a t  range and produced 
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F i i  

FIGURE CAPTIONS 

;. 1 Generalized geological nap of the  South I s l a n d  of New Zealand. The 

schists of spec ia l  interest t o  t h i s  study are separated into the  broad NW 

trending Otago schists and t h e  Haast s c h i s t  group, outcropping i n  t h e  

Southern Alps adjacent  t o  the  Alpine f au l t .  

(1965) and Landis and Bishop (1962). 

Data from N. Z. Geol. Surv. 

:. 2 Geology of the Haast s c h i s t  group in t h e  c e n t r a l  Southern Alps from 

Arthur's Pass t o  b a s t  Pass. 

:. 3 A l l  b i o t i t e ,  hornblende, and whole rock K- Ar ages from the  South 

Is land which r e f l e c t  Rangitata orogenic events  are shown in r e l a t ion  t o  

t h e i r  d i s tance  from t h e  Alpine f a u l t  ( a f t e r  Sheppard e t  a l . ,  1975). 

!. 4 Bio t i t e  and whole rock K-Ar ages east of the  Alpine f a u l t  between 

Arthur's Pass and Haast Pass. Data sources: n ~ n ,  Sheppard e t  al . ,  

(1975); open c i r c l e s ,  Hurley -- e t  al.,  (1962); t r i ang le s ,  Wellman and 

Cooper, (1972); c losed circle, Mason (1962); square, Harper and Landis, 

(1967). h e  9 my.  age a t  12.5 lan from the  f au l t  is from an i so l a t ed  

gneiss body and its s igni f icance  is suspect ( see  Sheppard e t  al.,  1975). 

g. 5 A sequence of  v e r t i c a l  c ross  sec t ions  across  the  Alpine faul t  showing 

schematically t h e  development of t h e  present features.  A)  The i n i t i a l  

configuration; B) The fau l t  moved 360 lap r igh t  l a t e r a l  i n  the Mesozoic 

and f r i c t i o n  caused an elevat ion of isotherms near t h e  f a u l t .  

produced the  metamorphic pa t te rn  shorn in C). 

lan of r i g h t  lateral motion and H km of v e r t i c a l  motion produced argon 

depletion of the s c h i s t s  and the present metamorphic outcrop pattern.  

This 

I n  la te  Cenozoic, D), 120 
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Fig. 11 Permissible values of tt.= yIIIuaAvII y o z o . y ~ ~ ~ 8  

argon diffusion from b i o t i t e  that fit the observr 

models listed in Table 1. Values of Dz0/a2 and I 

constant orininal denth of burial. H .  Direct la1 

* cor 

Fig. A 1  
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APPENDIX 

Al. Finite Zcffermce scheme 

We solve the heat flow equation in a rectal 

is moving in the z direction with velocity W (W 

is uplifted relative to the LHS). Heat is gene: 

x - 0 ,  0 < z < D (Fig.  MI. The equations to bt 

LHS : 

RRS : 

where T is temperature, K is thermalconductivit: 

is specific heat. 

We use a simple central-difference finite d 

following boundary conditions: 

2 - 0  constant temperature (20OC) 

z = A  constant temperature (to give 

gradient far from fault) 

x - 0  prescribed heat generation q (  

X E fL zero horizontal heat flux 
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